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5 Background of the Invention 

The present invention generally relates to optical circuits. More particularly, 
the invention relates to multi-layer routed fiber optical circuits and methods for 
fabricating multi-layer routed fiber optical circuits. 

The use of optical fibers for high-volume high-speed communication and data 
10 transfer is well established. As the volume and speed of transmitted information 
grows, the desire for systems using multiple optical fibers has increased. The rapid 
increase in communication speeds has created a demand for optical circuits to enhance 
or replace electrical circuits in many different applications. Optical circuits have 
bandwidth capabilities orders of magnitude beyond electrical circuits, and are 
15 inherently immune to electrical interference. 

Fabrication of fiber-based optical circuits is known in the art. For example, it 
is known that optical circuits may be fabricated by positioning optical fibers in a 
particular pattern and adhesively bonding or embedding the fibers using pressure 
sensitive adhesives (PSA) or partially cured monomers coated on laminating films. 
20 The adhesive and optical fiber assembly can then be further protected by, for example, 
applying a cover layer, curing the adhesive, or flood coating and curing. Other optical 
circuits can be fabricated by patterning optical fibers on an adhesive coated film and 
laminating the assembly to the surface of an electrical circuit board. Still other optical 
circuits are constructed by embedding optical fibers or waveguides within a circuit 
25 board. In each case, the finished assembly consists of optical fibers or waveguides 
held firmly in place in an intermediate layer of a multi-layer assembly. 

When fabricating optical circuits, especially those which consist of optical 
fibers laminated between two flexible substrates (commonly referred to as "flex 
foils"), it is customary to generate the desired circuit pattern in a single layer. In the 
30 event that a large number of circuit lines are required, and when the circuit layout 
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permits, a higher density design may be achieved by stacking two or more flex foils 
into a single lamination, thereby forming a multi-layer optical circuit. However, when 
the circuit layout becomes very complex, it becomes more difficult to fabricate a 
circuit in multiple layers by simply stacking discreet circuits for a number of reasons. 
5 Specifically, it is likely that the circuit design will require fibers from one layer of the 
circuit to be routed with fibers on another layer of the circuit. It is also possible that 
fibers from multiple layers will need to terminate into a single connector. It may also 
be required that fiber lengths be optimized to minimize skew between channels; such 
length optimization in a high density interconnect design with adjacent connectors 

10 positioned very close together may make it very difficult or impossible to equalize 
lengths on a single layer. 

There are other problems associated with positioning optical fibers or 
waveguides in an intermediate layer of a multi-layer assembly. For example, 
terminating optical fibers or waveguides positioned in an intermediate layer of a multi- 

15 layer assembly can be problematic, as the optical fibers or waveguides are not readily 
accessible for connector mounting and polishing. Interlayer optical coupling is also 
difficult, because each optical circuit layer is independently formed prior to 
lamination. The optical circuit designer must therefore resort to exotic measures to 
couple light into and out of waveguides or optical fibers buried in an inner board layer. 

20 Light coupling generally involves directing light into the board at an angle orthogonal 
to the surface of the board, and then somehow turning the light 90 degrees and 
coupling into the waveguide. Light coupling measures require the use of angled 
waveguides, inclusive of mirrors, lenses, etc. Such assemblies are difficult to 
assemble, increase costs, and usually increase signal loss in the device. 

25 Still other problems associated with positioning optical fibers or waveguides in 

an intermediate layer of a multi-layer assembly include, for example, microbending 
stresses and associated optical losses that occur as the circuit layers are laminated 
together and optical fibers cross over each other due to requirements of the circuit 
pattern. Also, fibers rigidly held in such optical circuit assemblies may exhibit 

30 increased bending loss caused by temperature-induced stress. 
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Summary 

The present invention provides a multiple layer optical circuit and a method for 
fabricating multiple layer optical circuits in a single operation. 

In one embodiment according to the invention, a multi-layer optical circuit 
5 comprises a plurality of optical circuit layers. Each optical circuit layer is positioned 
on a corresponding substrate. An optical fiber extends between at least two optical 
circuit layers and forms a portion of the at least two optical circuit layers. 

In another embodiment according to the invention, an optical circuit comprises 
a first optical circuit layer disposed on a first substrate portion and a second optical 
10 circuit layer disposed on a second substrate portion. An optical fiber of the circuit 
layers extends continuously between the first and second optical circuit layers. 

In yet another embodiment according to the invention, an optical circuit 
comprises a first circuit layer and a second circuit layer stacked on the first circuit 
layer. An interlayer bus extends between the first and second circuit layers and forms 
15 an integral portion of the first and second circuit layers. 

One embodiment of a multilayer optical circuit according to the invention is 
formed by patterning optical fibers to create a first layer of the optical circuit on a first 
substrate, and then patterning optical fibers to create a second layer of the optical 
circuit on a second substrate. At least one optical fiber is integral with the first and 
20 second layer and extends between the first layer and the second layer. The first and 
second substrates are then positioned in a layered arrangement. 

Another embodiment of a three-dimensional optical circuit according to the 
invention is formed by arranging a plurality of optical fibers to create an optical 
circuit, and securing the ends of the plurality of optical fibers so as to leave the optical 
25 fibers unattached along their lengths. After the ends of the optical fibers are secured, 
the secured ends are moved to predetermined positions within a three-dimensional 
volume. Yet another embodiment of a multi-layer optical circuit according to the 
invention is formed by patterning first and second optical circuits on first and second 
substrates. The first and second circuits include a common optical fiber. The first and 
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second substrates are positioned in a stacked arrangement by bending, folding, 
twisting or rotating the first and second substrates relative to each other. 

Brief Description of the Drawings 
Figures 1 A-1C schematically illustrate steps to form one embodiment of a 
5 multi-layer optical circuit according to the invention. 

Figures 2A-2B schematically illustrate steps to form an alternate embodiment 
of a multi-layer optical circuit according to the invention. 

Figures 3A-3C schematically illustrate steps to form an alternate embodiment 
of a multi-layer optical circuit according to the invention. 
10 Figure 4 schematically illustrates a substrate configuration used in an alternate 

embodiment of a multi-layer optical circuit according to the invention. 

Figure 5 schematically illustrates a cross-section of an embodiment of a single 
layer of an optical circuit according to the invention. 

Figure 6 schematically illustrates a cross-section of another embodiment of a 
15 single layer of an optical circuit according to the invention. 

Figure 7 schematically illustrates a cross-section of another embodiment of a 
single layer of an optical circuit according to the invention. 

Figure 8 schematically illustrates a cross-section of another embodiment of a 
single layer of an optical circuit according to the invention. 
20 Figure 9 schematically illustrates a cross-section of another embodiment of a 

single layer of an optical circuit according to the invention. 

Figures 1 OA- 10C schematically illustrate one embodiment of a multi-layer 
opto-electric circuit according to the invention, where Figure 10A illustrates a top 
view of multiple optical circuit layers, Figure 10B illustrates a side view of the optical 
25 circuit of Figure 10A, and Figure 10C illustrates the optical circuit of Figure 10A 
incorporated into a multi-layer opto-electric circuit. 

Figures 1 1 A-l IB schematically illustrate one embodiment of a three- 
dimensional optical circuit according to the invention. 
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Detailed Description 
In the following Detailed Description, reference is made to the accompanying 
drawings which form a part hereof, and in which is shown by way of illustration 
specific embodiments in which the invention may be practiced. In this regard, 
5 directional terminology, such as "top," "bottom, 55 "front, 55 "back, 55 etc., is used with 
reference to the orientation of the Figure(s) being described. Because components of 
embodiments of the present invention can be positioned in a number of different 
orientations, the directional terminology is used for purposes of illustration and is in 
no way limiting. It is to be understood that other embodiments may be utilized and 
10 structural or logical changes may be made without departing from the scope of the 
present invention. The following detailed description, therefore, is not to be taken in a 
limiting sense, and the scope of the present invention is defined by the appended 
claims. 

During fabrication of the multi-layer optical circuit embodiments according to 
15 the present invention, optical fibers of each of the individual multiple circuit layers are 
initially laid out in a continuous single-layer (i.e., two-dimensional) pattern. Within 
the continuous single-layer pattern of optical fibers, the desired fiber routing geometry 
for each of the individual optical circuit layers is established, as is the desired routing 
of optical fibers between what will become different layers of the multiple layers. 
20 After the continuous single-layer pattern is complete, the individual circuit layer 
portions of the continuous single-layer pattern are manipulated (such as by bending, 
folding, twisting, etc.) such that each of the individual circuit layers are positioned in a 
desired layered arrangement, resulting in a multi-layer (i.e., three-dimensional) optical 
circuit. 

25 One embodiment and method for making a multi-layer optical circuit 

according to the invention is illustrated in Figures 1 A-1C. In Figure 1 A, each of the 
layers of a multi-layer optical circuit 18 are laid out as a continuous single-layer 
pattern 20 of optical fibers 22. The continuous single-layer pattern 20 includes a first 
optical circuit layer 24 arranged in a desired pattern on a first substrate 26, and a 

30 second optical circuit layer 28 arranged in a desired pattern on a second substrate 30 
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adjacent to the first circuit layer 24. The first and second optical circuit layers 24, 28 
may optionally include elements 40 other than optical fibers, including but not limited 
to opto-electronic devices, optical fiber connectors, optical switches, couplers, 
wavelength selective devices, etc. One or more optical fibers 42 that form a portion of 
5 thp first and second optical circuit layers 24, 28 extend continuously between the first 
and second optical circuit layers 24, 28. These interlayer optical fibers are sometimes 
referred to as "interlayer buses". 

In the multi-layer circuit embodiment of Figures 1 A-1C, circuit substrates 26, 
30 are prepared and positioned for each optical circuit layer 24, 28, respectively, in the 

10 region where the optical fibers will be routed, except that no such substrate material is 
prepared for the region 44 where the interlayer buses 42 are to be routed. The 
interlayer buses 42 are patterned to run between the adjacent circuit substrates 26, 30 
and their associated optical circuits. The interlayer buses 42 are routed such that the 
fibers are free to equilibrate bending forces when the first and second substrate 

15 portions 26, 30 are rotated relative to each other, as described below. In the 

exemplary embodiment of Figures 1 A-1C, the interlayer buses 42 form a parallel 
ribbon portion 46, with the plane of the parallel ribbon portion 46 perpendicular to the 
plane of the circuit substrates 26, 30. In alternate embodiments according to the 
invention, the interlayer buses 42 may be laid out in patterns other than that shown. 

20 After the optical fibers 22, 42 are routed to create the desired circuit patterns 

for each layer 24, 28 of the multi-layer optical circuit 18, and preparations are made at 
the fiber termination locations, the second patterned substrate 30 (and its associated 
optical circuit) is rotated 180° (as illustrated in Figure IB) such that the second 
patterned substrate 30 (and its associated optical circuit) is positioned directly over the 

25 first patterned substrate 26 (and its associated optical circuit). If there are more than 
two optical circuit layers (as illustrated by the three-layer circuit 50 in Figures 2A-2B), 
subsequent circuit layers are also rotated, in order, to lay upon the previous circuit 
layer. After assembly, the interlayer buses 42 form exposed fiber loops which extend 
beyond the edges of the circuit substrates 26, 30. The exposed portions of the 
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interlayer buses 42 may optionally be protected by additional laminations (not shown), 
if desired. The final multi-layer optical circuit 18 appears as illustrated in Figure 1C. 

It should be noted that each of the layers of the optical circuit 1 8 shown in 
Figure 1C could alternately be designed for placement into two components of an 
5 assembly that are required to rotate relative to each other during operation. 

Although Figures 1 A-1C illustrate a multi-layer circuit 18 having two layers, 
any number of additional circuit layers may be provided in a similar manner. As 
noted above, Figures 2A-2B illustrate a three-layer circuit 50 prior to positioning the 
individual circuit substrate layers 52 upon each other (Figure 2 A) and after the 

10 substrate layers 52 have been positioned upon each other (Figure 2B). 

Another embodiment and method of fabricating a multi-layer optical circuit 1 8' 
according to the invention is illustrated in Figures 3A-3C. As shown in Figure 3A, a 
first circuit layer 24 is laid out in a desired pattern on first substrate 26. A second 
circuit layer 28 is laid out in a similar fashion on second substrate 30. Additional 

15 circuit layers may also be included. One or more optical fibers 22 that form a portion 
of the optical circuit layers 24, 28 extend continuously between the optical circuit 
layers 24, 28 to provide interlayer buses 42. 

In the illustrated embodiment; the circuit substrates 26, 30 are prepared and 
positioned for each optical circuit layer 24, 28 in the region where the optical fibers 

20 will be routed, except that no such substrate material is prepared for the regions 44 

where the interlayer buses 42 are to be routed. The interlayer buses 42 are patterned to 
run between the adjacent circuit substrates 28, 30 and their associated optical circuits. 
The interlayer buses 42 are routed such that the fibers are free to equilibrate bending 
forces when the first and second substrate portions 26, 30 are folded relative to each 

25 other, as described below. In the exemplary embodiment of Figures 3A-3C, the 
interlayer buses 42 are patterned to create a parallel ribbon portion 46 between the 
adjacent circuit layer substrates 26, 30. The plane of the parallel ribbon portion 46 is 
parallel to the plane of the adjacent circuit substrates 26, 30 ( as shown in Fig. 3A). In 
alternate embodiments according to the invention, the interlayer buses 42 may be laid 

30 out in patterns other than that illustrated. 
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After the optical circuit designs are laid out on the circuit substrates 26, 30, the 
second circuit substrate 30 is folded along the parallel fiber ribbon portion 46, until the 
second circuit substrate layer 30 is positioned upon the first circuit substrate layer 26. 
The resulting multi-layer circuit assembly 18 f appears as shown in Figure 3C. 
5 It should be noted that in an alternate embodiment according to the invention, 

the layers 24, 28 of the optical circuit shown in Figure 3 A could be designed for 
placement into two components of an assembly that are required to fold relative to 
each other during operation. 

As shown in Figure 4 in an alternate embodiment according to the invention, 

10 the circuit substrate portions 26', 30' supporting the first and second optical circuit 
layers 24, 28 need not be completely physically separated from each other, and may 
be, for example, joined at least partially. For example, as illustrated by dashed lines in 
Figure 4, the area between first substrate portion 26' and second substrate portion 30' 
(where interlayer busses 42 are routed) may be a window 62 in the substrate. 

15 Alternately, no window 62 or opening is provided at all, and the interlayer busses 42 
are routed such that they are positioned in the "crease" that is formed when first and 
second substrate portions 26', 30' are folded relative to each other along line 4-4. 
Alternately, no window 62 or opening is provided and the interlayer buses 42 are 
routed such that they are positioned in an adhesive-free area such that the fibers are 

20 free to equilibrate bending forces when the first and second substrate portions 26 f , 30' 
are folded relative to each other along line 4-4. 

In one embodiment according to the invention, schematically illustrated in 
Figure 5, the optical fibers 22 of the optical circuits 18, 18' illustrated in Figures 1 A-4, 
are routed in the desired circuit pattern in a tacky adhesive coating or film 70 that 

25 comprises or forms a portion of substrates 26/26', 30/30', such as ultraviolet-initiated 
structural bonding film, available from 3M Company of Saint Paul, Minnesota, U.S.A. 
under the product designation NPE-DSD97A, or a similar material. The adhesive film 
70 is available or can be produced in a thickness sufficient so that fibers 22 can be 
completely embedded into the adhesive 70, such as by pressing fibers 22 into adhesive 

30 70 in the direction of arrow 72 using an embedding tool 74. Upon completion of the 
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optical fiber 22 placement, the adhesive film 70 is irradiated with UV light sufficient 
to initiate curing of the adhesive. Upon completion of the curing process, the adhesive 
film 70 is no longer tacky, and the single-layer portion of the optical circuit 
construction is complete. If desired, additional layers of protective film 76 may be 
5 laminated on one or both sides of the circuit substrates. 

In an alternate embodiment according to the invention, schematically 
illustrated in Figure 6, the fiber 22 pattern is routed into a surface 71 of an adhesive 
film 70 in the desired pattern, and upon completion of patterning, a second layer of 
adhesive film 70' is laminated on to the surface 71 so as to embed or encapsulate the 

10 fibers 22 within the now homogenous adhesive layers 70, 70'. The adhesive films 70, 
70' can be irradiated with UV light to initiate curing of the adhesive. 

In an alternate embodiment according to the invention, schematically 
illustrated in Figure 7, the fiber 22 pattern is routed onto a surface 71 of an adhesive 
film 70 in a mirror image of the desired pattern, and upon completion of patterning, 

15 the surface 71 of the adhesive film 70 is irradiated with UV light to initiate curing. 
The routed optical fibers 22 and adhesive 70 are then inverted and pressed onto a 
suitable substrate 78, such as a printed circuit board assembly. By pressing the optical 
fiber 22 and adhesive 70 onto the substrate 78, the optical fibers 22 are further 
embedded into the adhesive 70, thus assuring maximum bonding strength between the 

20 optical fibers 22 and the adhesive 70. Upon subsequent completion of the adhesive 
curing process, the routed circuit assembly is an integral part of the circuit board 
assembly. 

In an alternate embodiment according to the invention, schematically 
illustrated in Figure 8, the fiber pattern is routed onto a surface 71 of an adhesive film 

25 70 in a direct image of the desired pattern, and upon completion of patterning, a 

second layer 70' of adhesive film is laminated onto the surface 71, thereby embedding 
or encapsulating the optical fibers 22 within the now homogenous adhesive layers 70, 
70'. The adhesive films 70, 70' are irradiated with UV light to initiate curing. The 
routed fibers 22 and adhesive film 70, 70' are then pressed onto a suitable substrate 78 

30 such as a printed circuit board assembly. By pressing the routed fiber and adhesive 
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construction onto the printed circuit board substrate, the fibers 22 will become further 
embedded into the adhesive 70, 70', thus assuring maximum boding strength between 
the fibers 22 and the adhesive 70, 70'. Upon subsequent completion of the curing 
process the routed circuit is an integral part of the circuit board assembly. 
5 In an alternate embodiment according to the invention, schematically 

illustrated in Figure 9, the fiber 22 pattern is routed onto the surface 71 of an adhesive 
film 70 in the desired pattern, and upon completion of patterning, a second layer of 
adhesive film 70' is laminated onto the surface 71, thus embedding or encapsulating 
the fibers 22 within the now homogenous adhesive layers 70, 70\ The adhesive films 

10 70, 70' are irradiated with UV light to initiate curing of the adhesive. The routed fiber 
and adhesive construction is then pressed onto a suitable substrate 78, such as a 
printed circuit board assembly. By pressing the routed fiber and adhesive construction 
onto the surface of the substrate 78, the optical fibers 22 become further embedded 
into the adhesive 70, 70', thus assuring maximum bonding strength between the fibers 

15 22 and the adhesive 70, 70'. A second substrate 78', such as a second printed circuit 
board assembly, is pressed on the adhesive Opposite substrate 78, thus creating a 
multi-layer printed circuit board assembly. Upon subsequent completion of the curing 
process, which can occur even with the optical circuit laminated between two printed, 
wiring board assemblies, the routed circuit is an integral part of the multi-layer circuit 

20 board assembly. 

Figures 1 OA- 10C illustrate another embodiment of a multi-layer circuit 
according to the invention, utilizing multiple circuit layers, including optical layers 
70a, 70b, 70c (collectively referred to as optical layers 70) and electrical layers 72a, 
72b, 72c, 72d (collectively referred to as electrical layers 72) to create a multi-layer 

25 three-dimensional opto-electric circuit 73. Optical fibers 22 are routed in a desired 
pattern onto a substrate 75 (an adhesive layer, for example) in a manner consistent 
with that described above with reference to Figures 1A-9. To aid in the construction 
of the assembly, the adhesive could be, for example, ultraviolet-initiated structural 
bonding film, such as that available from 3M Company of Saint Paul, Minnesota, 

30 USA under the product designation NPE-DSD97A, or a similar material. The optical 
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layers 70 may be assembled into a multi-layer assembly by rotating, twisting, bending, 
or folding the layers 70 relative to each other as shown in Figures 1 A-4. 

A close examination of the geometry of the multiple optical circuit layers 70 of 
Figures 1 OA- 10C reveals that the ends 74 of optical fibers that originate on one circuit 
5 layer 70 and terminate on another circuit layer 70 (i.e., the fibers that form the 
interlayer busses) will be at different elevations of the finished multi-layer optical 
circuit 18". By constructing numerous circuit layers 70 with fibers 22 routed between 
the various layers 70, a complex three dimensional optical circuit can be created. By 
careful construction of the optical layers 70, a three dimensional topography of optical 

10 fiber 74 ends can result, with the optical fiber ends 74 appearing at predetermined 
locations and elevations within the multi-layer opto-electric circuit 73. 

In assembling a multi-layer opto-electric circuit 73 as shown in Figures 10A- 
10C, electrical circuit board layers 72 in the construction can provide access to the 
optical fiber ends 74 by providing void areas 80 (Figure 10B) where the optical fiber 

15 ends 74 on a given layer 70 of the multi-layer circuit will appear, protruding through 
or into the voids 80. The multi-layer opto-electric circuit 73 may be constructed in 
such a manner as to make these access points correspond to predetermined locations 
for easy alignment with embedded or surface-mounted opto-electronic components 40, 
for example. Where it is desirable to exchange signals between one or more circuit 

20 assemblies, void areas 80 may also be created along the edges to permit termination 
with fiber optic board edge connectors 82. An example of an assembled multi-layer 
opto-electric circuit 73 is shown in Figure IOC. 

Figures 1 1 A-l IB illustrate another embodiment of a multi-layer (three 
dimensional) circuit according to the invention. In the embodiment of Figures 1 1A- 

25 1 IB, one end of each optical fiber 22 is attached at a first location 92 where specific 
alignment or termination of the optical fibers 22 is desired. Attachment can be 
achieved with, for example, adhesive bonding, mechanical clamping or some 
combination of these or similar attachments. Lengths of each of the optical fibers 
extend from the first attachment locations 92 to second locations 94, 94* 94" in space 

30 where an alignment or termination of the opposite end of each optical fibers 22 is 
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desired, and the optical fibers 22 are attached at the second locations 94, 94", 94". The 
optical fibers 22 are free along their lengths between the first and second attachment 
locations 92, 94. In one embodiment according to the invention, the fiber ends are 
attached at the first and second attachment locations 92, 94 at a pitch that is useful for 

5 termination with a connector 96. 

By constructing an optical circuit where the fibers 22 are attached at their ends 
and free along their lengths, a number of benefits are obtained. First, the fibers 22 of 
the optical circuit are not subject to or influenced by the material properties of any 
substrate. Second, fiber crossover can be avoided, thereby reducing potential micro- 

10 bending stresses . Third, the resulting optical circuit can be quite flexible, because just 
the mechanical properties of the fibers 22 can affect flexure, leading to an optical 
circuit that is conformable to its environment. If the optical circuit is constructed with 
high strength and durable fibers, the circuit may be capable of conforming to surfaces 
with curvatures as small as a 0.25 inch radius. 

15 Optical circuits according to the invention fabricated in this manner may be 

three dimensional, resulting in the ability to make extremely compact designs or 
designs with unique or complex shapes. For example, an optical circuit according to 
the invention may be constructed to provide a circuit pattern commonly described as a 
"shuffle" or "perfect shuffle". A shuffle can be fabricated such that it is not 

20 constrained to two dimensions, but rather is terminated to an array of various 

connections in a three dimensional volume (such as illustrated in Figures 1 1 A and 
11B). 

As is understood from the above description, the multi-layer optical circuits of 
the present invention can readily permit routing of optical fibers between different 

25 layers so that, for example, fibers from one layer can be transposed to another layer for 
termination in a single connector. Fibers from one connector on a first layer can be 
routed to a second layer prior to termination into an adjacent connector, thus providing 
versatility in skew compensation. Multi-layer optical circuits according to the present 
invention may be used to create custom configurations for applications where compact 

30 circuit designs are required to flex with system components, such as in personal digital 
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assistants (PDAs) cell phones, and laptop computers, to name a few. Multi-layer 
optical circuits fabricated according to the present invention can minimize mechanical 
bending stresses imparted to the optical fibers in compact designs. For example, the 
fibers can be routed such that the fibers are free to equilibrate bending forces when the 

5 layers are folded, rotated or otherwise moved relative to each other. Although specific 
embodiments have been illustrated and described herein, it will be appreciated by 
those of ordinary skill in the art that a variety of alternate and/or equivalent 
implementations may be substituted for the specific embodiments shown and 
described without departing from the scope of the present invention. This application 

10 is intended to cover any adaptations or variations of the specific embodiments 

discussed herein. Therefore, it is intended that this invention be limited only by the 
claims and the equivalents thereof. 
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